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This paper describes e~perimental measurem ents designed to study atmosphere-induced 
errors in microwave baseline t rack ing systems. The ground- to-a ir configura t ion was 
s imulated by 300 to 400 m baselin es o n level ground east of Boulder, Colo. , and a fix ed target 
a ntenna on a moun tain top at a ra nge o f about 15 km and a p at h elevation a ngle of 44 
mi ll irad ians . A rad iofrequency of 9.4 Gcls was used. Continuous recordings were made of 
variat ions in apparent ra nge, range d ir-rere nce, a nd refractive index . The data a re a na lyzed 
ill te rms of power sp ectra . The co rrelat io ll b etween ra nge and surface refract iv ity varia t ions 
a,nd t he corre lat ion of range variat iolls on adjacen t paths are d isc ussed. 

1. Introduction 

The accuracy of distance measurements made by 
observing the tr a nsi t time (or phase) of r adio signals 
transmitted over the distance in question is affected 
by space R-nd time variations of th e radio refractive 
index of th e atmosphere. The National Bureau of 
Standards hR-s condu cted an extensive theoretical 
and experimental program to study these refractive 
index v ariations, their effect on radio distan ce 
measurements, a nd the exte nt to whi ch distR-nce 
measurement errors CR-n b e redu ced by appropriate 
corrections based on refractive index measurements 
[Thompson R-nd J [mes, 1959; Thompso n , J a nes, and 
li.irkpR-trick , 1960 ; Thompson, Janes, and Froethey, 
1960]. In this experim en t, certain feR-tures of an 
orthogonal bR-seline tracking system were simulated 
in order to isolate and study the errors contributed 
by the lower atmosphere in tracking a n elevR-ted 
target. 

2. Experimental Site 

The criteria used in site selection were: (1) The 
target should b e located on a mountain with terrain 
dropping off sh arply in the direction of the baselines 
and as high as possible, consistent with all-weather 
accessibility. (2) The baselines should b e located 
on nearly level ground at an altitude low r elative to 
the target . They should , of course, command an 
unobstructed view of th e target with no obvious 
so urces of anomalous multi path effects. The b ase
line site, referred to in this report as the Boulder 
Creek Site, fulfilled t hese requirements reasonably 
well. 

1 rrhis study was sponsored by the Air Force ]Vfissile 'Pest Ce nter, U.S. Air 
Force Systems Comm and, under Contract No. AF08(G06)-37i6 with the General 
E lectric Compa.n y. 

Figure 1 shows t he b R-selin e arrangement. In 
tbis report, the 380 m bR-selin e, nearly perpendicular 
to the propagR-tion path, will be re rer~'ed to 3;8 th.e 
Il ormal b aseline a nd t he 520 m baselllle, whlCh IS 

more nearly parallel to t he propagation path, will b e 
ct1.11ed t he "parallel" baseline. (The latter actually 
form s n,n a ngle of approxim ately 30° wit h t he path .) 

The target site is IOCR-ted near the summit of 
Green N[oun tain, west of t he city of Boulder, at an 
altitude 2,240 m abo \re sea le \rel and at a horizontal 
distance of about 15.5 kill from the central station at, 
Bou lder Creek. The angle of elevation from th e 
cent ral station to t he target is approximately 4'~ 
milliradia ns. A profile of ~the propagation path is 
shown in figure 2. 

Parabolic a ntenn as were used t hroughout. The 
target antenn a was 46 cm in diR-meter , while the 
a ntenn as at Boulder Creek were all 137 c m in diam
eter, wi th their centers 130 cm above ground. 

3. Data Output 

Data were recorded during three periods, each 
approximately 2 to 3 days in length. These periods 
were April 4 to 7, 1961 ; May 9 to 12, 1961 ; a nd 
January 3 to 5, 1962. The discussion t hat follows 
will be restricted to the January run. 

The raw data consist of continuous recordings of: 
(1) variations in apparent range at 9,400 Mcs; 
(2) variations in apparen t range difference on bot h 
the normal and "parallel" baselines; (3) variations 
in atmospheric refractivity as monitored by standard 
wet-and-dry bulb thermometers a nd barometer s and 
by microwave r efractometer cavities a bout 1.5 m 
above oTound n ear the central antenna at Boulder 
Creek "'and at Green .Mountain . The range R-nd 
rano·e difi'erence measurement system used is similar 
to 1~hat described previously [Thompso n and Vetter, 
1958]. 
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Some sample recordings of range, rflnge difference 
and refractivity fll'e shown in figure 3. These 
samples were taken during a relati \-ely "quiet" 
period from the stflndpoint of fluctuation intensity. 
The data include "quiet" periods, "noisy" periods 
characterized by comparatively large and rapid 
variations, and periods during which the range data 
are dominated by large "trends" (i.e., Y~1l'iations 
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FIG U RE 2. Pl·o.file of BOlddeT CTeek-GTeen ML Path. 

having periods that are long compared to the sample 
length). In general, any 2-day recording period 
can be expected to yield all three kinds of data. The 
statistics obtained from 15 minute samples of each 01 
these categories will, in general, differ from each 
other more than the 2-day means of these statistics 
will vary from one run to another. In fact, the 
\-ariability of these short-term statistics is often 
greater than the difference between mean statistics 
obtained from Colorado and Florida data. 
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FIG lI RE 3. Range, range differences and 1'efractivity data showing quiet peTiod in range, J anllaTY 3, 196:3 (n ote dillen'ng lime scales) . 
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4. Data Analysis 

Hour-to-hour variations in range, range difference, 
and surface refractive index recorded during th e 
January run are shown in fi gures 4 fwd 5. In 
general, the varilLt ions did no t follow a clear-cut 
diurnal cydic pattern. The largest changes or 
trends in range fwd r efracti vi ty Itppear to follow 
longer term changes in weather. 

It is apparent from these graphs and the data 
samples in fi gure 3 that the statistical characteristics 
of the range, range difference, and refracti vity 
fluctuations are qui te complica ted and do not lend 
themselves to description in terms of simple statistics 
such as the v,triance or standard deviation . Each 
variable co ntains a hi erarchy of fluctuations, ranging 
from r elatively large, slowly-varying componen ts to 
a smaller Itnd rapidly varying "noise." Conse
quently, the vari a,nce of 'Lny gi veil sample depends 
not only on t he fttmospheri c cond iti ons prev,tiling 
at t he time, but also on tile pass-bft ncl of t he r e
cording circuit :wei the length of t he sa.mple. 

The power density s pectnlill (usually r eferred to 
as simply t he " power spectrum" ) provides a. useful 
description of SUeLl data. It not only Lakes into 
account t he part icukr reco rdi ng P,lSS b,tnd ,md 
sample length, bu t a lso pel'lni ts estimat ion of t he 
variance that would have bee ll ob l lLined with IL ll y of 
a wide nUlge of ot her choices or pass blUl(l Itlle! slllllple 
length. 

In the discussion t hat follows, t he power speetrull l 
analysis of tile mnge, ra nge difrereJl C"e, Iwd rdnw li ve 
index data will be used to illus trate so me ilnporl :UlL 
correlations ILlIlong these variabl es. 

5. Correlation of Apparent Range and 
Surface Refractive Index 

The primary consideration in estimating tile nns 
range error ( ~tfter correcting for refmctive inclex 
variations ) is t he C"orrehttio n between t he apparent 
range variations, I? (t), and the vari ations in suri",Lce 
refractivity, N(t). The nature of this correlaLion 
should, therefore, be examined before going further. 

In a homogeneous atmosphere (i.e., one in which 
N has the same value throughout the volume of 
interest but varies with time), variations in R(t ) 
would be perfectly correlated with variations in 
N observed at any point . rrhat is: 

R (t)=Ro[l+N(t) X 10- 6] (1) 

where flo is the true dis tance. In fact, this simpli
fied picture is inaccUl'ate because of random time 
variations in N which are not well correlated through
out the volume, and by more or less persistent changes 
in N with altitude (the vertical N profile) , rrhe 
correlation betwee n N at one point a nd R has been 
found to be a function of Lite datiL pass banel in vol ved . 
In other words, when the data samples are long' 
enough to include t he relatively large, low-frequency 
variations, N at eitlter path terminal is relatively 
well correlated with H. For eX(1,mple, the long-term 
variations in Nand R shown in figure 4 show con-
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FIGURE 6. Power spectm oj mnge and surface rejmctive index 
val'iations, January 3- 5, 1962. 

siderable correlation, but short segments of these 
records show no significant correlation (see, for 
example, the Nand R data samples in fig. 3). 

It should also be noted that when both Nand R 
variations are expressed in terms of parts per million 
of their nominal values (as in fig. 4), their long-term 
variations are approximately equal in magnitude, 
but the short-term (e.g., second-to-second) variations 
in N are, in general, large compared to the corres
ponding R variations. 

'1'0 describe the situation quantitatively, figure 6 
shows the power spectra of Nand R. In the fre
quency range shown, the spectral density of N is 
roughly proportional to f-1.5 and the spectral density 
of R is proportional to about f- 2 .5 . These agree 
quite well with previous measurements [Thompson, 
Janes, and Kirkpatrick, 1960]. The two spectra 
diverge toward the high frequency end, and it 
appears that with extrapolation toward lower 
frequencies they would coincide somewhere in the 
vicinity of 10- 1 cis. The similarity of the long-term 
Nand R data such as that shown in figure 4 indicates 
that the two spectra would coincide at all lower 
frequencies. 

This coincidence and the divergence at higher 
frequencies are consistent with a hypothetical atmos
phere in which time variations in N appearing at a 
given spectral frequency are caused by spatial 
structure components having dimension or scale 
inversely proportional to the given spectral fre
quency. In other words, the slow N variations 
(e.g. , diurnal variations) are the result of atmospheric 
changes occurring almost simultaneously over rela
tively large areas, while the higher frequency flu c
tuations are caused by small turbulent eddies. In 
this picture, the two spectra coincide at frequencies 
sufficiently low so that the associated spatial scales 
are large compared to the path length. In this 
spectral region, N variations at any two points on 
the path are highly correlated, and changes in R, 
which is the line average of N along the path, will 
be essentially equal to changes in N observed at any 
point. However, at higher frequencies , N variations 

are not correlated at all points on the path; i.e. , it 
would be possible to find at least two points at which 
the N variations are independent random variables. 
Since in this hypothetical atmosphere the spatial 
scales are inversely proportional to the spectral 
frequency, the number of effectively independent 
random N variables is directly proportional to 
frequency. Recalling from elementary statistics the 
fact that the variance of the average of q independent 
random variables (having equal variances) is in
versely proportional to q, one would expect the 
following relationship between the variance spectral 
densities of Nand R: 

(2) 

where WR(f) and WNU) are the spectral densities of 
Rand N, respectively, and q(f) is the maximum 
number of points on the path at which the variations 
in N in the neighborhood of spectral frequency fare 
essentially independent. 

Let l(f) be the spatial scale, defined as the mini
mum distance at which variations in N in the neigh
borhood off are uncorrelated. Under the hypothesis, 
for a given path length,-L , we have 

r L 
q(f) = J ZC.O for lU) < L 

L 1 for l(f)2:L. 

(3) 

If we define fo such that Z(fo) = L (and since Z(j) 

0::]), then 

_ IUo) _ f 
q(f) - zcn - To' Z(.f) < L, 

and 
r 
~ .j Wv(f), f > .fo 

WR(f) = (4) 

L WN(f) , i~fo. 

The spectra in figure 6 show the difference in slope 
indicated by these equations, and it appears that j~ 
is somewhat less than 10- 4 cis. 

The frequency dependence of the correlation of 
Nand R is also illustrated in figure 7 for the J anuary 
run. Here the correlation coefficient is plotted ver
sus the lower cutoff frequency of a digital high-pass 
filtering process. The latter process consists of 
simply replacing the original data with their devia
t ions from running averages of n data points spaced 
8 seconds apart, and then repeating the operation 
on the deviations themselves to further sharpen the 
response of the "filter." The nominal cutoff fre
quency referred to in figure 7 is the 3 dB point, or 
0.8618n cis . (The point plotted at 3.6 X 10- 6 cis is 
the correlation coefficient of the raw data with no 
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high-pass filtering except the filtering effect of the 
finite sample size itself.) From this curve as well as 
the power spectra, it is evident that Nand Rare 
correlated on this path at flu ctuation frequencies 
ranging from 0 to somewhat below 10 - 4 cis. Hence 
it would appear advisable to smooth the refractive 
index data to remove t he uncorrelated higher fre
quencies before using it to correct range data. 

The range error spectrum can be extended toward 
zero frequency by use of a very low-frequency spec
trum of refractive index variations compu ted from 
8 years of U.S. Weather Bureau data for D enver. 
This spectrum is shown in figure 8 (along with similar 
spectra from Florida and Hawaii, to be discussed 
later). It covers the region from abou t 10- 8 to 
2 X 10- 5 cis, or about 1 cycle per year to 2 cycles per 
day, and includes the portion of the range variance 
that can, in principle, be largely eliminated by 
correcting t he range data with surface refractive 
index data. 

6. Comparison of Range and Range 
Difference Power Spectra 

In general, the vari ance £T;n of the apparent 
range difference variations will be related to the 
variance £T71 of range variations on either of the two 
paths by the following formula: 

(5) 

where r is the correlation coefficient between t he two 
single-path range variables. On closely spaced 
paths (such as the ones discussed here), T is very 
nearly unity for samples s ufficiently long to include 
the relatively large, hOLU-to-hoLU variations, but 
approaches zero for samples a few minutes in len gth. 
In other words, as in the case of range vers us refrac
t ive discussed in the previous section, th is correla
tion is higbest at the low fluctuation frequencies and 
effectively vanishes at the high frequency end of the 
power spectrum. 

This dependence of correlation on l1uctuation fre
quency is due to the fact that, in gener al , relatively 
rapid range fluctuations are caused by the movement 
of relatively small atmospheric "blobs" across the 
paths, while slower l1uctuations could be caused by 
blobs large enough to effect both paths simulta
neously. In the latter case, the range variations 
over the two paths will be corr elated and the range 
difference variance will be reduced accordingly . 

This is illustrated in figure 9, which shows the 
range and range difference spectra for the January 
run. At the high frequency end of the spectra 
(above abou t 0.005 to 0.01 cis), the range difference 
spectral densities on both baselin es are about twice 
as large as the range spectra, indicating that in 
this region the range variations as seen at each 
end of eitber baseline are un correlated. At lower 
frequencies, the range difference spectra are redu ced 
relative to the range spectra, indicating an increasing 
correlation in range variations with decreasing fre
quency. If we represent the spectra with a function 
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of the form 
W(f)cxf, (6) 

the average values of s (or the slope of a s traight
line fit to the spectra on a log-log grid) are -2.4 
for the range spectra and for the high frequency end 
of the range difference spectra. The average slopes 
of the lower frequency end of the range difference 
spectra are -1.1 and - 0.8 for the "parallel" and 
normal baselines, respectively. 

I t has been predicted [Barton, 1963] that, under 
the assumption of a constant mean wind moving a 
"frozen" atmosphere across the two paths, the 
range difference spectrum will be related to the 
range spectrum by the following: 

= 2, (7) 

where jb is proportional to the mean cross-wind 
speed and inversely proportional to the baseline 
length, b. 

Thus the range difference spectral slope at fre
quencies below jb should be greater by 2 than the 
range spectral slope. That this prediction is not 
borne out by the data may be caused by the wide 
variability of the wind velocity during any 2 or 3 
day period which would cause variations in fb and 
hence a less pronounced difference in the slope of 
the range and range difference spectra. 

7. Applications and Extensions 

7.1. Dependence of Range Spectrum on Path Length 

The dependence of range spectral density on the 
path length can be estimated from an extension of 
the discussion in section 5. 1£ jo is taken as the 
frequency corresponding to time required for a 
spatial component of dimension L to move across the 
path then we can assume that 

k 
jo=-' L 

(8) 

where k would represent the mean wind speed. With 
this modification , (4) becomes 

f > j o 

.!sfo. (9) 

Thus for paths in a region where W N is sensibly 
homogeneous, the range spectral density (expressed 
in ppm of the range) is independent of path length 
for the lower frequencies and inversely proportional 
to length for the higher frequencies. However, on 

a slant path such as the one used in this experiment, 
lengthening the path (but holding the elevation 
angle constant) might not change fo appreciably, 
since the path would be extended towards the upper 
troposphere where the fluctuations in N would be 
expected to be smaller than those at lower altitudes. 
Conversely, increasing the elevation angle will have 
the effect of shortening the portion of the path lying 
in the troposphere and might increase j~ somewhat. 

7.2. Velocity Variations 

The atmospheric errors in the rate of change of 
range and range difference (i.e., velocity) can be 
estimated from these experimental data, with some 
important reservations discussed below. The veloc
ity error contributed by the troposphere in the case 
of a target with a true angular velocity of zero can be 
estimated from the spectra of the time derivatives 
(i.e., rate spectra) of the range and range difference 
data. The latter are related to the range and range 
difference spectra by the following: 

W kC}) = (21l'j)2W RC}) 

WAkC}) = (21l'j)2WARC})' (10) 

The extension of these results to the case of a 
target with nonzero angular velocity may in vol ve 
some questionable assumptions. In the latter situ
ation the propagation path is being rotated about 
its lower terminal at an angular velocity which 
depends upon the range and velocity of the target. 
The effect of sweeping the radio beam across the 
atmosphere is to change the rate of fluctuations. 
Attempts to estimate moving-path velocity errors 
[Barton , 1963] from fixed-path data usually involve 
ascribing a mean normal wind velocity component 
to the fixed-path data and relating this velocity to 
an effective tangential path velocity. This process 
suffers from two basic uncertainties. First, since 
the wind structure is neither homogeneous nor 
statistically stationary, the assumption of an average 
value of wind velocity applicable to the entire path 
would seem to be unrealistic. Second, when the 
path is being rotated about its lower terminal to 
track a moving target, it is not clear what effective 
tangential yelocity should be used to characterize 
the path movement. 

7 .3 . Angular Position Variations as a Function of 
Baseline Length 

The rms angular position variations for longer 
baselines can be estimated from the data by appro
priate modification of the range difference power 
spectra. It was pointed out previously that, at 
sufficiently low fluctnation frequencies , the range 
variations on the two paths will be correlated be
cause the atmospheric blobs responsible for the var
iations are large enough to extend across both paths 
simultaneously. This correlation shows up as a re
duction in range difference spectral density (relative 
to the range spectral density) at low frequencies. 
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From the spectra in figure 9, it appears tha t this 
red uction occurred below abo ut 0.005 to 0.01 cis. 

For a given wind structure, increasing the path 
separation (i.e., baseline length) sho uld reduce the 
frequency below which the variations are correlated. 
In fact, this "cutoff" frequency should be inversely 
proportional to baseline length. 

7.4 . Extension of Results to Other Climates 

With regard to the application of these data to 
other climatic regions, there is evidence [Thompson 
and Janes, 1964; Thompson, Janes, and Kirkpatrick, 
1960] that the variance contribntion from the high 
frequency end of the spectrum (i.e., above about 
0.01 cis) is an order of magnitude larger in both 
Florida and Hawaii than i t is in Colorado. To give 
a similar comparison at the low~frequency end (I.e., 
from 1 cycle per year to 1 cycle per day), figure 8 
shows power spectra of surface refractive ind ex var
iations in Colorado, Florida, and Hawaii. The 
Colorado spectrum lies between those of Florida and 
H awaii over most of the frequency range except in 
the vicinity of 1 cycle per day, where the variation 
in Colorado is relatively larger than at the other 
locations. Hence it would appear that the rms var
iation estim ates derived from these data lie withill 
a factor of 3 of the values that would have been 
obtained if the same experimen t had been perfo rm ed 
in Florida or Hawaii. 

7.5. A Note Regarding "RMS Variations" and Total 
RMS Error 

It should be emphasized tha,t all l'lllS vtLriatio lls 
estimated by integration of power spectra are meas
ures of the fluctuations abou t mean values; i. e., they 
are standard deviations. (This is true even in t he 
case of rms variations estimated from power spectra 
that have been extrapolated to zero frequen cy. I n 
this case the mean vc11ue should he r egarded as COJll
ing from a sample of infinite length .) The total rJllS 

error, on the other hand, would be a measure of the 
fluctuation of a variable abou t its true value, and 
would include not only the rIns variation about the 
mean , but also any biases or constant errors which 
would cause the mean to differ from the true value. 
No absolu te range or range differen ce measurements 
were made in this experirnen t, so i t is not possible to 
estimate bias errors from these data. An important 
source of bias in estimating the true range and range 
difference is the possible failure of the actual refrac
tive index structure to conform to the model used to 
correct range and range difference data with refrac
tivity data. However , a proposed atmospheric 
model has been developed at the National Bureau of 
Standards and estim ates given of i ts reliability 
[Bean and Thayer, 1963; Bean twd Thayer, 1959] . 
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